Vibration energy harvesting devices are increasingly becoming more efficient and useful. The 7 performance of such devices for energy harvesting from vibrations of civil infrastructure can 8 be theoretically quantified and energy harvesting under harmonic loadings can be validated 9 experimentally. Experimental validation of such devices for civil infrastructure applications, 10 such as bridges, remain an important but more complex and challenging issue, in part due to 11 the more uncertain nature of the dynamic response of structures under operational conditions 12 and problems with access for such testing. Lack of existing experimental benchmarks is also a 13 major obstacle behind adopting this technology for bridges. This study presents a laboratory 14 based experimental procedure through which a piezoelectric energy harvester is experimentally 15 
INTRODUCTION 29
Advances in microelectronic technology has created the opportunity for improved and effi-30 cient sensing of built infrastructure in their operational conditions and this can have a direct 31 effect on their demand related to maintenance and management for degrading infrastructure 32 networks (Znidaric et al. 2011 ). Wireless sensing for remote monitoring of infrastructure is 33 becoming increasingly popular (Gungor and Hancke 2009) but challenges related to reliable 34 power supply to such nodes is remain an important issue. Vibration energy harvesting devices 35 (EHD) have the potential to act as a power source for such sensing nodes, through the conver-36 sion of ambient vibrations of the host structure into electrical energy (Anton and Sodano 2007) . 37
As a result, the optimization of the energy output from such harvesters is critical for the devel-38 opment of remote, self-supporting, wireless sensor networks (WSN's) ( where S is the strain vector, D is the electric displacement vector, s E is the elastic compliance 100 matrix under constant electric field, denoted by E , d is the piezoelectric constant matric, ε T is 101 the permittivity matrix under constant stress, denoted by T , T is the stress matrix and E is the 102 electric field matrix. These relationships can be used to establish the electrical response of the 103 piezoelectric material from strain fluctuations imposed upon it due to the vibration response of 104 the host structure. 105
A common piezoelectric EHD is a cantilever, consisting of a piezoelectric material attached 106 to a cantilever substrate, which is attached via a rigid base to the designated host structure [ 
where mc, cc and kc are the mass, damping and stiffness of the energy harvester respectively 120 and z is the relative displacement of mc, with over-dots denoting differentiation with respect to 121 time and yb is the base acceleration from the host structure. The electromechanical coupling 122 coefficient is given as θ, V is the voltage and Cp and Rl are the capacitance and load resistance 123 respectively. The natural frequency, ωc and the damping factor, ξc, of the harvester are defined 124 as 125 for specific structural applications, the dynamic response of which is most often not harmonic 152 in nature under operational conditions. Therefore, the experimental validation requires careful 153 attention and consideration in order to yield reliable experimental estimates of the EHD outputs 154 for large-scale civil infrastructure. The following sections outlines the datasets used to validate 155 structural applications, the experimental creation and setup required to experimentally validate 156 cantilever based EHD. 157
Host Structure for Piezoelectric Energy Harvesting Device 158
The host structure chosen for this study is a model train bridge undergoing operational load-159
ings from an international train fleet. The solid section 3-dimensional bridge, of length 10.6m 160 and width 10m, was created using the finite element software Strand 7 and consists of two 161 railway tracks supported by concrete sleepers atop of the reinforced-concrete, slab and girder 162 bridge. The properties of the model bridge's slab and girders are provided in Table 1 , with more 163 complete details on the creation and solving of the model are available in (Cahill et al. 2014b Considering traffic over the bridge, a train fleet was modelled comprising of five different 166 train sets with an international geographical spread, including the Irish diesel classes 071Loco 167 and 201Loco, the electrical French TGV, the German ICE and the Japanese Shinkansen. Each 168 trainset was modelled with realistic operational locomotive and carriage configurations, load-169 ings and spacing, with details of the fleet provided in The primary focus of this study is to determine, both theoretically and experimentally, the 172 performance of a piezoelectric EHD arising from its coupling with the model train bridge. In 173 this regard, the dynamic response from the bridge due to vehicle passage was obtained. Each 174 train was modelled so as to complete a single passage of the bridge at a speed of 100 km/hr and 175 the acceleration response at the mid-span of the bridge determined [ Fig. 2 ]. As can be seen, the 176 different train loadings, axle spacing and configurations results in bridge responses of different 177 magnitudes and durations, with the highest magnitude output due to the 201Loco locomotive, 178 whereas the longest response was obtained for the Shinkansen due to it being the train with the 179 greatest length. For each passage, a time duration of 5 seconds was included after the train had 180 completed its passage in order to capture the damping of the bridge due to free vibration. Using 181 the obtained acceleration profiles, the theoretical voltage output from a cantilever EHD can be 182 obtained by using the acceleration responses as the base excitation to Eq. 4 and Eq. 5. By ap-183 plying arbitrary responses through an appropriate dynamic experimental setup, they provide 184 the base excitation to porotype EHD and can validate experimentally the performance of such 185 devices with specific built infrastructure applications. Following the fabrication process, and in advance of experimentally investigating the EHD 208 to determine its performance for structural application, it is first required to experimentally 209 calibrate the EHD in order to experimentally verify key parameters. 210
Experimental Setup 211
A laboratory based experimental setup was created to apply unscaled acceleration profiles 212 obtained from the train passages as the base excitation to the experimental prototype [ Fig. 3] . 213
These profiles were applied by a waveform generator, via an amplifier, to a vibration unit onto 214 which the EHD has been attached. As the waveform generator, amplifier and vibrator unit cre-215 ate an output replicating the profile of the host structure but not the amplitude, a controller unit 216 is required to allow the magnitude of the signal to be monitored and controlled. Therefore, a 217 control unit monitoring the output was coupled with the vibration unit, with a continuous feed-218 back loop to the input signal adopted so as to ensure agreement between the desired input signal 219 and the experimental output. The voltage output from the EHD was simultaneously measured 220 using an oscilloscope and its performance determined. 221 
EXPERIMENTAL RESULTS 239

Experimental Calibration of Prototype Device 240
To calibrate experimentally the cantilever EHD and verify its parameters, the response of the 241 device under harmonic loading conditions was determined and compared against theoretical 242 outputs. The harmonic loading consisted of sinusoidal base excitation at a constant magnitude 243 of 0.5G acceleration (4.905m/s 2 ) with varying frequencies of loadings. The acceleration pro-244 vided as the base excitation was monitored by the wireless accelerometer to ensure compliance 245 with the required loading conditions, whilst the voltage was measured and compared against 246 theoretical calculations. Fig. 5 illustrates an example calibration result, with theoretical accel-247 eration being compared against experimental output being applied to the prototype, at a fre-248 quency of 13.4Hz, along with the corresponding theoretical and experimental voltages. and experimental signals registered a more notable peak at 39.87Hz and 39.77Hz, respectively. 325
The voltage signals of both the theoretical and experimental were found to have the greatest 326 response between 12Hz and 13.5Hz, around the natural frequency of both the bridge and the 327 harvester [ Fig. 10(b) ], with peaks of 12.5Hz and 12.68Hz for the theoretical and experimental 328 respectively. As with acceleration response, a large peak was detected in both around 40Hz. 329 Of the final two train passages considered, it was found that the ICE resulted in a noisy 351 signal when considering both the theoretical and experimental acceleration outputs [ Fig. 12(a) ]. 352
The natural frequency of the bridge is evident in both, with the theoretical output having a peak 353 at 12.63Hz and the experimental having a peak at 12.56Hz. Whilst there is again a peak about 354 the 40Hz frequency range, there are further peaks at 23Hz and at 33. variance between the two, are illustrated in Table 6 . 367 
